The human serotonin transporter (5-HTT) gene is one of the most extensively studied in psychiatry. A functional polymorphism in the promoter region of the 5-HTT gene (5-HTTLPR) has been associated with several psychiatric disorders as well as anxiety-related personality traits. In search of a mechanistic understanding of the functional implications of 5-HTTLPR, the influence of this polymorphism on regional 5-HT 1A receptor density has previously been examined in two positron emission tomography (PET) studies in humans, yielding, however, contradictory results. In the present study, 54 control subjects were examined with [
Introduction
Serotonergic neurotransmission has been implicated in the pathophysiology of several psychiatric disorders such as depression, anxiety disorders and schizophrenia. In the normal brain, a role for serotonergic transmission has been suggested in personality traits and cognitive functioning.
The human serotonin transporter (5-HTT) gene is one of the most extensively studied in psychiatry. A 44-bp insertion/deletion polymorphism in the promoter region of this gene, the 5-HTT-linked polymorphic region (5-HTTLPR) with two common alleles designated long (L) and short (S), has been found to influence 5-HTT mRNA transcription in vitro (Collier et al. 1996) .
Of the many different subtypes of serotonergic receptors, the 5-HT 1A receptor is thought to be one of the most important due to its modulating property for the whole serotonin system and its global distribution throughout the brain. Extracellular, synaptic levels of serotonin may regulate the density of 5-HT 1A receptors, both during development by exerting an influence on the formation of serotonergic and nonserotonergic neurons, and in the adult organism by inducing adaptive changes in receptor density. In line with this, the protein regulating these levels, 5-HTT, seems to influence 5-HT 1A receptor density, as judged by pharmacological studies (Jolas et al. 1994 ; Le Poul et al. 1995 and by studies of knockout mice deficient in 5-HTT. In 5-HTT null mutant mice, regional differences in the effects on 5-HT 1A receptor density and mRNA levels have been observed (Fabre et al. 2000 ; Li et al. 2000 ; Mannoury la Cour et al. 2001) , the knockout mice displaying a gender-dependent reduction in 5-HT 1A receptors particularly in the dorsal raphe nuclei (DRN) where the 5-HT 1A receptor serves as an autoreceptor.
Based on these experimental observations, a central question is if the 5-HTTLPR polymorphism can be associated with 5-HT 1A receptor density in humans. In search of a mechanistic understanding of the functional implications of the 5-HTTLPR, the influence of 5-HTTLPR genotype on regional 5-HT 1A receptor availability has been examined in two PET studies. The findings are however discrepant. One study of 35 control subjects (27 males, 8 females) found that S carriers had lower 5-HT 1A binding than LL carriers in all brain regions (David et al. 2005) . Another study of 16 female control subjects, reported that S carriers had higher 5-HT 1A binding than LL carriers in some cortical regions whereas no difference was observed for other regions (Lee et al. 2005) .
At a behavioural level, presence of the S allele of the 5-HTTLPR gene has been associated with depression (Collier et al. 1996) and anxiety-related personality traits (Lesch et al. 1996) . Carriers of the S allele have also been reported to exhibit greater neuronal activity in amygdala (Hariri et al. 2002) and to have enhanced acquisition in fear-conditioning tasks (Garpenstrand et al. 2001) . Moreover, a recent fMRI study reported an association between the S allele and relative decrease in neural activation during an attention task (Canli et al. 2005) . Surprisingly, in the small number of studies investigating 5-HTTLPR genotype and cognitive performance, the S allele has been associated with better performance. In a sustained attention task, subjects carrying the SS allele responded faster to a cue preceding the stimulus compared to the SL and LL groups (Strobel et al. 2007) . In a study of ecstasy users and volunteers, subjects carrying the S allele were found to perform better than L carriers in risky decisionmaking and a visual-planning task regardless of ecstasy use (Roiser et al. 2006) . Finally, in a tryptophan depletion study, it was found that subjects carrying the SS genotype showed impaired verbal recall following depletion relative to LL subjects, but at baseline condition the SS group outperformed the LL group in tests of episodic memory and attention (Roiser et al. 2007) .
The primary aim of the present study was to resolve the previous discrepancy in association between 5-HTTLPR genotype and 5-HT 1A receptor density by studying a larger sample of 54 subjects with uniform experimental conditions. The secondary aim was to explore putative associations between genotype and cognitive functions. The present sample provides data for an analysis that extends from the relationship between genotype and receptor density, into the realm of functional behaviour in the form of cognitive functions.
Materials and methods

Subjects
All subjects were recruited and examined at the Karolinska University Hospital. The study was approved by the Ethics and Radiation safety committees of the Karolinska Hospital and was conducted in full compliance with the Declaration of Madrid. Fifty-four Swedish Caucasian control subjects (38 males, 16 females), age range 20-55 yr (mean¡S.D. 28.8¡6.4 yr) participated in a PET examination with [
11 C]WAY 100635, cognitive assessment and genotyping after giving written informed consent. They were healthy according to history, physical examination, routine blood and urine analyses and magnetic resonance imaging (MRI) of the brain. Exclusion criteria were somatic disorder, pregnancy, major psychiatric disorder according to DSM-IV criteria, previous intake of psychotropic drugs or history of substance addiction. Carriers and non-carriers of the S allele were matched on age (values given are mean¡S.D.) (S carriers : 28.2¡7.0 yr ; LL carriers 28.0¡5.6 yr ; p=0.93), global IQ (WAIS-R vocabulary WP, S carriers : 10.7¡2.1 ; LL carriers 11.1¡2.6 ; p=0.84 ; WAIS-R block design WP, S carriers : 11.7¡3.0 ; LL carriers 10.6¡3.0 ; p=0.30) and educational level (S carriers : 14.1¡2.4 yr of education ; LL carriers : 14.2¡2.3 yr of education ; p=0.66).
MRI and PET protocols
Subjects were examined with the MRI system Signa Advantage 1 1.5 T (General Electric, USA). A standard spin-echo sequence with a 256r256 matrix was used with a repetition time (TR) of 4 s. Proton density-weighted images (17 ms) and T2-weighted images (85 ms) were obtained to achieve one set of images with high spatial resolution and another with high sensitivity for pathology. Both in the MRI and the PET measurements an individual head fixation system was used to allow for the same head positioning in the two imaging modalities (Bergstrom et al. 1981) .
[Carbonyl-11 C]WAY 100635 was prepared by 11 C acylation of WAY 100634 with [carbonyl-
11 C]cyclohexanecarbonyl chloride as described previously (Hall et al. 1997) . A sterile phosphate buffer (pH 7.4) solution of 175-313 MBq of [
11 C]WAY 100635 was injected intravenously at start of the PET measurement. The specific radioactivity at the time of injection was >1000 Ci/mmol.
The PET system used was Siemens ECAT Exact HR 47 (Siemens, USA), run in three-dimensional mode with dual-energy Windows scatter correction. The system covers an axial distance of 15 cm. The in-plane resolution of the reconstructed images is 3.8 mm full with at half maximum (FWHM) and the axial resolution 4.0 mm FWHM (Wienhard et al. 1994) . Radioactivity in brain was measured in a series of 16 consecutive frames for 69 min. The reconstructed volume was displayed as 47 horizontal brain sections with a centre-to-centre distance of 3.125 mm.
DNA analysis
Amplification was made by means of polymerase chain reaction (PCR) on a PerkinElmer 9700 thermal cycler (PerkinElmer, USA). The primer sequences used for the 5-HTTLPR, reported by Gelernter et al. (1997) , were 5k-ATGCCAGCACCTAACCCCTAAT-GT-3k (forward primer) and 5k-GGACCGCAAGGT-GGGCGGGA-3k (reverse primer), resulting in a 419-bp-long PCR product for the 16-repeat allele, and a 375-bp-long PCR product for the 14-repeat allele. The 15-ml reaction mixture contained 50 ng genomic DNA, 1.5 mM MgCl 2 , 0.3 mM of each primer, 300 mM dNTPs, and 1 U Hotstar Taq polymerase from Qiagen (Qiagen Inc., USA). The temperature profile consisted of an initial denaturation at 95 xC for 15 min, followed by 45 cycles of 30 s at 95 xC, 30 s at 66 xC, and 60 s at 72 xC, followed by final incubation for 7 min at 72 xC. PCR products were separated on a 3 % agarose gel supplemented with ethidium bromide, and visualized by ultraviolet transillumination. 
Assessment of cognitive functioning
PET data analysis
Spatial normalization of the MR images and coregistration of MR and PET images were performed with the co-registration procedure in Statistical Parametric Mapping 2.0 for Windows. For each subject, the MR images were spatially normalized to position the anterior-posterior commissural (AC-PC) line in the horizontal plane, and the inter-hemispheric plane orthogonal to the AC-PC plane. The reoriented MR images were then resampled in the transaxial plane to 1 mm 3 voxels, and cropped to a 256r256 141 matrix. For co-registration of the PET images to the MR images, a 2r2r3 resolution dummy was generated. The summated PET images including individual time-frames, were resampled to a 2 mm 3 voxel size and co-registrered to the dummy.
Anatomical designation of regions of interest (ROIs) and calculations of the binding potential (BP) (Mintun et al. 1984) were made blind to genotype and cognitive test results. The ROIs were manually delineated using software developed for the Human Brain Atlas (Roland & Zilles, 1994) . All ROIs except the DRN were delineated in 3-5 consecutive sections on the MRI images and transferred to the corresponding PET images. The DRN is not visible on MRI images and was therefore delineated as a standardized circular ROI of 6 mm in 3-5 consecutive sections directly on the PET images (Andree et al. 2003) . Data were pooled so that the average radioactivity concentration for the whole volume of interest was obtained.
To obtain time-activity curves, regional radioactivity was calculated for each frame, corrected for decay and plotted vs.
where k 3 and k 4 are the rates of exchange of tracer between the free and specifically bound compartments, B max is the density of receptor, f 2 is the 'free fraction ' of the unbound radioligand in the tissue, K d is the equilibrium dissociation constant of the radioligand and F i and K Di are the free Gunn et al. 1998) . The cerebellum, having negligible 5-HT 1A receptor expression (Hall et al. 1997) , served as a reference region.
Statistical analysis
Putative differences between carriers and non-carriers of the S allele in [
11 C]WAY 100635 BP were calculated for 54 subjects with one-way ANOVAs for each brain region. Males (n=38) and females (n=16) were also analysed separately. In addition, multivariate analysis of the overall effect of genotype on [
11 C]WAY 100635 BP in all brain regions was performed.
Putative differences between carriers and noncarriers of the S allele with regard to cognitive functions were also investigated for each brain region with one-way ANOVAs for the whole group and for males and females separately.
Regional [ 11 C]WAY 100635 BP and individual scores in cognitive tests were explored by calculations of Spearman's and Pearson's correlation coefficients respectively. Two-tailed tests for significance were performed, and p values were corrected for 12 multiple comparisons giving a new significance level of 0.004. Brain regions were not included as variables in the Bonferroni correction since regional 5-HT 1A receptor expression levels are highly interdependent (Table 1) .
Finally, the influence of genotype and regional [
11 C]WAY 100635 BP for cognitive performance, was analysed with linear regressions. All statistical analysis was performed with SPSS 14.0 for Windows (SPSS Inc., USA).
Results
Of the 54 subjects, 12 were homozygous for the S allele (SS) (9 males, 3 females), 24 were heterozygous (SL) (16 males, 8 females) and 18 were homozygous for the L allele (LL) (13 males, 5 females). There was a significant difference in regional [
11 C]WAY 100635 BP between males and females (Table 2) . However, these differences could not be explained by differences in genotype since there was no difference in regional BP for S+ and Sx, neither among males (F=0.00-0.06, p=0.81-0.99) nor females (F=0.08-1.27, p=0.28-0.81) (Supplementary Tables  S1, S2 ). There were highly significant differences in performance in the Wisconsin Card Sorting Test (WCST) between carriers and non-carriers of the S allele. The carriers of the S allele performed significantly better than the non-carriers (Table 4 ). The S+ group needed fewer cards to finalize all six categories (WCST total administered cards) (Fig. 1) , committed less preservative errors (Fig. 2) and showed a higher score for percent conceptual level responses (Fig. 3 ). An extended analysis of WCST scores standardized for age and level of education, resulted in even more significant differences (Table 4) . For the other cognitive test procedures, there were no associations between genotype and performance (Table 4 ).
In the next step, we examined the correlations between [
11 C]WAY 100635 BP and WCST performance. No significant correlation was found in any brain region, neither for the whole group (Table 3) 
5-HTTLPR is associated with performance in WCST 787
by guest on October 7, 2016 http://ijnp.oxfordjournals.org/ Downloaded from was, however, a highly significant association between 5-HTTLPR genotype and performance in the WCST. Carriers of the S allele had a superior performance compared to LL carriers. This association could not be explained by differences in regional 5-HT 1A BP. These observations suggest that functional implications of 5-HTTLPR polymorphism are not likely to be mediated by 5-HT 1A receptor and that other biomarkers should be considered for future investigations at phenotype level.
From pharmacological studies and studies of 5-HTT knockout mice, it has been suggested that the 5-HTT gene and serotonin concentration in brain may have a region-and gender-specific influence at 5-HT 1A receptor density, in particular in the DRN. Li and colleagues found that the mice deficient in 5-HTT displayed a decrease of 5-HT 1A receptor density in the raphe, and that female mice also displayed a decrease in hypothalamus, amygdala, and septum. Fabre and colleagues (2000) also found decreased 5-HT 1A receptor density in the DRN but an increase in hippocampus and unchanged levels in cortices and the septum.
However, in humans, two previous PET studies have provided partially discrepant data. Lee et al. (2005) reported for 16 female control subjects that S carriers had significantly higher 5-HT 1A binding than LL subjects in the anterior cingulate and a trend towards a similar difference in orbitofrontal cortex and lateral temporal cortex. No difference between genotype groups was found for BP in the prefrontal cortex, medial temporal cortex, parietal cortex and DRN. On the contrary, David et al. (2005) reported for 35 control subjects (27 males, 8 females) that S carriers had significantly lower 5-HT 1A binding than LL carriers in 13/21 regions investigated, including the anterior cingulate, orbitofrontal gyrus, lateral temporal regions as well as in several frontal and prefrontal regions and the anterior medial temporal lobe. In the present study of 54 control subjects, no difference in 5-HT 1A BP between carriers and non-carriers of the S allele was found in any region. The sample size of the present study exceeds that of the two previous studies addressing the same issues added together ; moreover, we had the benefit of using the same PET system throughout the study. David et al. (2005) used two different PET systems, which can be a source of error in the assessment of BP values, due to differences in hardware as well as in calibration, algorithms, filtering procedures and transmission procedures. The reported effect of using two different PET systems was (F=2.3, p=0.10).
Since gender of the subjects might have been a possible explanation for the discrepancy in the outcome of the previous studies, and since animal studies suggest the relationship between 5-HTT gene and 5-HT 1A density to be sex-dependent, we analysed not only the entire group, but also men and women separately. However, we were unable to replicate the findings of either Lee and colleagues in female S carriers, or those of David and colleagues for the sexmixed cohort. In the latter study, brain regions were defined with an automated method whereas in the present study, regions were manually delineated. Manual ROI delineation is likely to provide improved reliability since it takes anatomical inter-individual variation into account. Of the 13 regions where David et al. (2005) found significantly decreased 5-HT 1A BP in S carriers, two regions (insula and anterior cingulate) are the same as in the present study, and several other regions are included in the larger regions investigated in the present study. We thus think there is a representative overlap between the larger regions covered in the present study and the smaller regions studied by David and colleagues. However, it cannot be excluded that there may be a 5-HTTLPR genotype effect on 5-HT 1A in regions not overlapping between the two studies, or in regions that have not presently been investigated in any PET study. Taken together, it is, however, unlikely that 5-HTTLPR has an evident effect on 5-HT 1A density in the human brain.
Carriers of the S allele performed significantly better than the LL carriers in the WCST. This highly significant difference cannot be explained by differences in general IQ, educational level or age, since there were no correlations between these variables and WCST performance. Furthermore, analysis of the WSCT scores standardized for age and years of education resulted in an even higher significance for the difference between S carriers and non-carriers (Table 4) .
The WCST is a complex task, requiring use of several different cognitive skills. Apart from set-shifting, performance in the WCST is also dependent on attention, working memory, visual processing, learning, strategic planning, sensitivity to distraction, use of feedback and adaptation of response impulses. It is unlikely that performance in such a complex task is determined by one single gene, or one single protein.
The present study does not resolve which of all component parts of WCST performance the 5-HTTLPR may influence, but the literature may, however, suggest that some components are more likely 
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http://ijnp.oxfordjournals.org/ than others to be associated with 5-HTTLPR. Whereas there is no animal model for all cognitive domains involved in solving the WCST, the intra-dimensional/ extra-dimensional (ID/ED) task is an analogue to the attentional set-shifting in the WCST (Birrell & Brown, 2000) . Interestingly, serotonin depletion disrupts ID/ ED performance in rodents and non-human primates (Clarke et al. 2005 (Clarke et al. , 2007 Lapiz-Bluhm et al. 2008) . Thus, the results of our study are in line with animal studies showing involvement of the serotonin system in attentional set-shifting.
In the present study in humans, the S allele of 5-HTTLPR was associated with administration of fewer cards, fewer errors and higher number of conceptual level responses. Fewer cards needed to complete the task indicates a faster adaptation to the feedback given. Fewer preservative errors may indicate a better acquisition of the set-shift strategy. Previous studies of 5-HTTLPR have focused mainly on emotional responses but also partly on emotional learning and attention. Carriers of the S allele have been reported to have enhanced acquisition in fear-conditioning tasks (Garpenstrand et al. 2001) and to learn to avoid negative feedback faster in a passive avoidance task (Finger et al. 2007) . A recent fMRI study reported an association between presence of the S allele and relative decrease in neural activation during an attention task which included both emotionally negative and neutral stimuli (Canli et al. 2005) . The authors of this study suggest that the relative decrease in activation observed in S carriers during presentation of both negative and neutral stimuli, may reflect constant vigilance. This is in line with the findings of Strobel and colleagues (2007) , where the lower variability in response time indicates that the SS carriers made more efficient use of the cued information that preceded the target stimulus, and with the findings of improved sustained attention in SS carriers (Roiser et al. 2007) .
Taken together, these findings suggest that superior WCST performance of S carriers may represent an attention-driven increased acquisition, not only with regard to emotional stimuli but to any stimulus. Whether this increased attention is a major component, or independent of, the superior performance in visual planning and problem solving required for WCST performance as well as the tasks used by Roiser and colleagues, warrants further investigation.
Regional 5-HT 1A BP had no additional explanatory value for the effect of 5-HTTLPR genotype on WCST performance. This is consistent with a previous report of a lack of correlation between 5-HT 1A BP and performance in cognitive tests, including the WCST (Borg et al. 2006 ).
Whereas [
11 C]WAY 100635 BP in the various brain areas to which the serotonergic neurons project is likely to reflect either the expression or turnover of post-synaptic 5-HT 1A receptors, or the number of neurons carrying such receptors, the [
11 C]WAY 100635 BP in the raphe may reflect either the expression or turnover of serotonergic autoreceptors, or the number of serotonergic cell bodies upon which these are situated. The lack of association observed between 5-HTTLPR genotype and [
11 C]WAY 100635 BP in regions other than raphe suggests that the extracellular concentrations of serotonin in S carriers are not sufficiently abnormal to induce any major compensatory change in post-synaptic 5-HT 1A receptors. The lack of association between 5-HTTLPR genotype and [
11 C] WAY 100635 BP in raphe suggests that S carriers are also not characterized by any marked abnormalities with respect to the number of serotonergic cell bodies. Hence, the explanation of the multiple associations reported between 5-HTTLPR genotype and various aspects of the phenotype, including cognitive functioning must be sought elsewhere. We thus propose that other mediating mechanisms than the 5-HT 1A receptor should be studied in order to investigate the influence of allelic variation in 5-HTTLPR on cognitive performance.
Performance in the WCST has previously been associated with other genetic polymorphisms. In studies of both patients and control subjects, associations between performance in the WCST and COMT Val158Met genotype (Egan et al. 2001 ; Malhotra et al. 2002 ) and brain-derived neurotrophic factor (BDNF Val66Met) genotype (Rybakowski et al. 2003) has been reported. Although the sample size of the present study is small for a genetic study, the effect size of presence or absence of the S allele was 0.54 for number of cards administered and 0.56 on standardized preservative errors score. This is equivalent to the effect size observed for 5-HTTLPR genotype on delayed visual memory (Roiser et al. 2007 ) and for COMT Val158Met polymorphism on working memory (Goldberg et al. 2003) . In future studies, it would be of interest to include 5-HTTLPR in gene-gene interaction analysis for a number of genetic polymorphisms influencing cognitive functioning.
In summary, we could not replicate any of the previous discrepant findings of an association between 5-HTTLPR genotype and regional 5-HT 1A availability. There was, however, a highly significant association between 5-HTTLPR genotype and performance in the WCST. This association could not be explained by regional 5-HT 1A BP. Our observations suggest that functional implications of 5-HTTLPR polymorphism are not likely to be mediated by differences in 5-HT 1A density and that other biomarkers must be considered for future investigations at phenotype level.
Note
Supplementary material accompanies this paper on the Journal's website (http://journals.cambridge.org).
